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MIXING AND COMBUSTION PROCESSES IN 

RAM ROCKETS AND OTHER AFTERBURNERS 

Princeton University - Phase 7 

J. y. Charyk, Phase Leader 
I. Glassman, J. E. Scott, Jr. 

Introduction 

A ram rocket power plant provides an excellent arrangement for the 

investigation of the mixing and burning of two parallel gas streams, one 

subsonic and the other supersonic, with large differences in initial 

stagnation temperature. The use of monopropellant rocket fuels permits 

one to cover a wide range of secondary energy release values and, in 

some instances to control afterburning so that the direct effect of 

energy release on the mixing process can be determined. Further, the 

exhaust products of methylacetylene monofuel contain a large portion of 

solid carbon particles} consequently the effects of a solid phase, and 

possible long reaction times compared to aerodynamic times, can be 

conveniently studied. 
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Discussion 

Quantitative information on the mixing and burning processes 

occurring in a ram rocket is now being obtained in an arrangement 

consisting of a monopropeliant rocket in an afterburner. The particular 

afterburner being used is so constructed that it is sectionaiiy cooled 

and has static pressure taps every two inches axially along its length. 

Additional openings have been provided for entrance of a pneumatic 

traversing probe in order to permit velocity, temperature, and 

concentration profiles to be taken. The aix* is supplied to the burner 

by a system of centrilugal blowers* Details of construction and 

preliminary results have been recorded previously (1). 

Figure 1 exemplifies a characteristic static pressure distribution 

of an experimental test with both mixing and burning of the air and 

rocket exhaust streams. The mixing and burning distributions obtained 

appear to consist of three integral parts. The first, closest to the 

rocket, suggssts that initially there is very little mixing of the 

supersonic rocket exhaust jet and air; consequently ^ little or no static 

pressure change. This very slight initial spreading or mixing of a 

supersonic jet has been predicted analytically (2). In the second part 

the jet has dissipated and mixing takes place with perhaps a little 

burning. Thus, as is characteristic of the mixing of two streams in a 
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constant area duct, the static pressure rises. In the last part the 

burning of the fuel becomes the dominating factor and the characteristic 

pressure drop with energy release is obtained. Figure 2 represents 

the same operating conditions as Figure 1 but with the burning suppressed. 

Here one again notices a small section in which there is very little 

mixing, then, after the breakdown of the core of the central jet, the 

characteristic pressure rise due to the mixing of the rocket exhaust 

stream and air occurs. These curves are two of many which were obtained 

using ethylene oxide as the rocket propellant. Similar curves for 

mixing and burning and pure mixing have been obtained with methyl- 

acetylene. The burning curves with both fuels are similar to those 

obtained using a bipropeliant rocket system in which the secondary 

energy release was substantially lower than that obtained with the 

monopropellants (3). From the static pressure distributions one can 

readily estimate the distance required for the completion of the mixing 

and burning processes. Attempts are being made to apply an analysis 

similar to that given by Charyk and Matthews (1±) to the axial pressure 

data in order to calculate the rates of energy release through the 

burner and to determine the parameters affecting this release. 

To date pure mixing runa have been carried out over air-fuel mixture 

ratios (R ) of 2 to 15 for both ethyiene oxide and methylacetylene. Runs 

with secondary combustion have covered an R range of 2 to 7.5 for 

ethylene oxide and a limited range around 7 for methylacetylene. These 

ranges are now being extended. 

The burning ranges covered reflect to a degree the ease with which 
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secondary combustion can be initiated. As reported last time, in the 

preliminary system which induced its own air, secondary combustion was 

always spontaneous, except when quenched by physical means. In the final 

installation afterburning could be initiated onoy with some secondary 

ignition source* Evidence has lead to the belief that a new, very smooth 

opening propellant valve and a smooth approach flow to the burner are 

responsible for this change in operating conditions. It is believed 

that, starting with the valve previously used, some raw fuel was ejected 

- 

4 

through the rocket with the hot decomposition products. The ignition 

temperature of the fuel in air is substantially lower than any of the 

decomposition products and secondary combustion is facilitated. This 

argument has been substantiated since the injection of raw fuel directly 

into the burner proved satisfactory for secondary ignition. 

When the approach section to the burner is removed and the rocket 

is permitted to induce its own air, the flow   entering the burner 

separates from the wall. It would appear that the flow detaching from 

the wall facilities better mixing, causes a more suitable fuel-air ratio 

at the rocket exit, and thus creates more favorable conditions for 

ignition. There is some experimental evidence to support this reasoning. 

In the ethylene oxide tests the injection of raw fuels sufficeo. for 

secondary ignition up to R 's of approximately 7.5. Although above 7»5 

the flame would blow out of the burner, this is not the limiting air- 

fuel ratio for operation. It is characteristic of the particular piece of 

experimental equipment used that an increase of the air mass flow is 

accompanied by an increase of burner inlet velocity. The rocket or fuel 
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mass flow is normally kept constant. Consequent ly, since the blow out 

limit is more likely a function of the inlet velocity, the rocket mass 

flow will be halved to extend the R range of operation. Thus the rocket 

will operate at aoout 50 lbs. thrust instead of the normal 100 lbs. 

thrust* 

The data which have been obtained can also be applied to calculating 

the performance of the ram rocket power plant. Shown in Figure 3 is a 

comparison of a theoretical and experimental air specific impulse as a 

function of air-fuel mixture ratio for an ethylene oxide system* Ths 

efficiency of the experimental burner over the range covered is seen to 

be exceptional. The efficiencies greater than 100$ in the very rich 

region (stoichiometric for ethylene oxide is ?.8) is due probably to the 

fact that the calculated theoretical value may be actually higher than 

shown. The theoretical air specific impulco is a function of the 

temperature, and the estimation of a true theoretical adiabatic flame, 

temperature in the very rich region is doubtful. As further results are 

obtained they will be plotted on Figure 3 to extend the complete range. 

A similar plot will be constructed for the data obtained on methyl- 

acetylene. 

In the analyses discussed above there has arisen a need for 

theoretical specific impulse of an ethylene oxide rocket operating at 

various chamber pressures. In numerous piices in the literature there 

t . appear conflicting impulse values, which are due partly to the use of the 

incorrect value of the heat of formation at 25°C of liquid ethylene oxide 

and partly to the equilibrium decomposition products chosen* In a 
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relatively low temperature reaction as in the ethylene oxide decomposition 

process one would expect to find carbon as a product* Experimental 

operations verify however that in the processes occurring in ethylene oxide 

rockets little or no carbon is found in the exhaust gases. It seemed 

advisable, therefore, in calculating the specific impulse of ethylene 

oxide rocket motors to choose as the products cf the decomposition reactions 

CO, CH^, C02, Oj, H20, Hg, CgH^. Using the heats of formation, equilibrium 

constants, enthalpies, and heats of vaporization from the latest National 

Bureau of Standards Circulars (5>6) and carrying out an adiabatic 

decomposition temperature determination for ethylene oxide, it was found 

that the molar quantities of CQ2, 02, and H20 present in the decomposition 

products were negligible and could be neglected. Shown in Tables I and II 

are the results of these calculations. 

Table I 

Performance of Ethylene Oxide as a Function of Pressure 

Pc Tc °K M. W. C* Isp 
Atms m./sec sees 

20 1288 21.15 1.171* 1189 1$9.1* 
30 1300 21.26 1.173 1191* 168.0 
UO 1306 21.32 1.172 1196 173.6 
60 1312 21.36 1.171 1197 180.7 

Table II 

Products of Decomposition Corresponding to Table I 

Pc     Moles CO    Mcles CH^    Moles H2    Moles C^ 

20 1.00 0.8U 0.16 0.08 
30 1.00 0.86 0.11* 0.07 
UO 1.00 0.87 0.13 0.07 
60 1.00 0.88 0.12 0.06 
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In Table I, T is the adiabatic temperature of the decomposition 

process, c* the characteristic exhaust velocity, Pc the chamber pressure, 

the ratio of mean specific heats of the gas mixture, M. W. the mean 

molecular weight of the gas misture, and Isp the specific impulse 

calculated assuming frozen equilibrium and one atmosphere exhaust pressure. 

The products of decomposition are for one mole of reactant. 

During the next period the range of operation will be extended tc 

complete the work on both ethylene oxide and methylacetylene. The 

analysis of the static pressure of distributions will be completed and 

all data reported in a final report. 
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